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Abstract
Unstable oscillations at frequencies below the plasma frequency are 
observed at the plasma boundary during the interaction of an electron beam with 
a plasma. These oscillations are interpreted as the eigenmodes of the inhomo­
geneous plasma boundary, driven into instability by the beam.
2During measurements of the spatial development of the electron beam - 
plasma instability we find resonances in the unstable wave spectrum that do not 
fit into the ordinary picture of beam plasma instabilities.
It can be shown that during the interaction of a cold electron 
beam with a cold, collisionless and infinite plasma, waves become unstable 
whose optimal frequency u) and growth rate y are given by^
Re (no) = co [1 - -k ^ )2/3l p Z Z
_ t / \ — /0\ I/ 3Y = Im(cu) = u)p ^ (~2 '
where (j^  is the plasma frequency and a the ratio of beam to plasma density.
For most experiments & «  1. In a semi-infinite plasma, the waves grow
simultaneously in time and space, a problem that has not yet been solved
2 3satisfactorily. Following Kadomtsev and Fainberg and Shapiro one can, 
under certain conditions, relate the temporal growth rate y with the spatial 
growth rate o via
o = y / v  Y g
where v , the group velocity of the unstable waves, is given by v = 2/3 v g g B
with v = beam velocity. From these results one concludes that the unstableD
waves grow exponentially in space with a frequency close to the plasma frequency.
3To study the spatial development of waves in a beam-plasma system,
an experimental system described in Fig. 1 is used. A pulsed electron beam,
0.1 to 1 ampere, 18 KV and 1 cm diameter is injected into a decaying Neon
1 A’ -3afterglow plasma with an initial density of 10 cm and an average decay 
constant of 150 [isec. The Pyrex plasma tube is 4 cm in diameter and 40 cm 
long. No external magnetic field is applied to the system. The experiment 
is performed with a repetition frequency of 15 Hz. The electron beam can 
be exposed to different plasma densities by changing the time delay between 
the plasma and the beam pulse. A microwave receiver (26.5 to 40 GHz, 11 db 
noise figure) receives the microwave power radiated by the instability.
The output of the receiver is detected in a synchronous fashion by a lock-in 
amplifier. The position of the receiver and the detection horn can be varied
f
along the plasma tube. Using a microwave lens, the spatial resolution is 
approximately 1 cm. The polarization of the receiving horn is such, that the 
E-vector is parallel to the electron beam. For each position of the 
receiver the radiated power is recorded as a function of plasma density.
Fig. 2 shows some samples of such recordings for several positions 
of the receiver. Apart from higher harmonics of the plasma frequency which 
occur at much longer delay times and are not shown here, two frequency 
groups are observed. At long distances from the point where the beam enters 
the plasma, the signal occurs when the receiver frequency is equal to the 
plasma frequency. This is the beam-plasma instability referred to in the 
introduction. It exhibits the expected exponential increase with distance 
(Fig. 3).
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At smaller distances a signal that consists of several peaks and
becomes stronger with decreasing distance is received at delay times where
the receiver frequency is much smaller than the plasma frequency. The
amplitude of two such resonances are plotted as a function of distance in
Fig. 3. These curves are corrected for the angular response function of
the receiving horns. From the magnitude of the radiated power we conclude
that, for example, at z = 1 cm, the fluctuation amplitude of the plasma was
5 6increased by a factor of 10 to 10 above the thermal equilibrium value.
It should be noted that the same resonances, although with a much 
smaller amplitude, are observed at the opposite end of the discharge tube,
i.e., at the point where the beam leaves the plasma. The insertion of 
corrugated sheet metal in the form of a honeycomb into the entrance tube 
of the electron beam increases the amplitude but decreases the l i n e w i d t h  
of these resonances.
In starting the discussion about the origin of these modes, we have 
to note that the beam was not premodulated in any way. This was verified by 
letting part of the beam - instead of traversing the plasma - cross a wave­
guide in such a way that the direction of motion of the electrons was parallel
to the E-field in the waveguide. No beam modulation could be detected.
4Furthermore, we have to rule out the "virtual cathode'1 as the
4source of this radiation because, using Nezlin's criterion for the onset of
this effect in charge compensated beams, our electron beam density is too
3small by a factor of 10 . Moreover, measurements with an electrostatic
5deflection type energy analyzer show that the change in the energy distribution 
function of the electron beam due to the excitation of these waves was less 
than „37o. For these measurements the interaction length was decreased to 
6 cm, so that only the low frequency waves were excited»
Since we perform the experiment in a decaying plasma, a radial as 
well as an axial density gradient will be present, the latter only close to 
the ends of the discharge tube. The beam has to traverse these axial density 
gradients in entering and leaving the plasma. The existence of these density 
gradients was qualitatively observed with a 37 GHz microwave interferometer.
We would like to suggest that the oscillations observed at small z are the 
eigenmodes of the inhomogeneous plasma boundary driven into instability by the 
electron beam.
It is well known that in an inhomogeneous plasma, surface waves can 
exist. These modes have been investigated in detail in a number of publi­
cations.^ In a cylindrical plasma geometry these modes can be excited by 
radial transmission of microwaves (Tonks-Dattner resonances). They present 
themselves as a series of resonances in the absorbed or reflected power.
In a semi-infinite plasma, bounded by a density gradient, one can 
look at the surface modes as standing waves reflected at the vessel wall on 
the one side and at the point where the frequency of these waves is equal to
the plasma frequency on the other side. Beyond this point, where u) > uu,P
£
the waves will decay exponentially. Hoh treats this problem assuming a
zdensity profile given by n = n^ — . He finds for the mode frequencies for
a non-magnetized plasma
6UD1  ( f  n (m + |)  ^ ) 2/3 m - 0 ,1 ,2 ,..,.
pL
where u)pL and are the plasma frequency and density at the point z = L.
-^s t i^e Debye length. Since X^/L «  1 for most experiments, the frequency 
of these modes will be smaller than • Other density profiles can also be 
treated and give qualitative similar results. The observed frequencies do 
not coincide exactly with the resonances calculated by Hoh for any value of 
V L ’ nor do they agree with those calculated from the more realistic profile 
n(z) = nQ (1 - exp(~z/L)). The reason for this is probably that the beam 
modifies the eigenfrequencies in a more drastic fashion than in the case of 
a homogeneous plasma. This would not be too surprising because the intuitive
picture of a standing wave between the boundary and the plane where u> =  (JD_
will lose its validity in the presence of a beam since the beam-plasma system
can support waves of frequencies less than uo that are located on the unstableP
branch of the dispersion relation.
In the presence of an electron beam one may expect, in analogy to
the infinite beam-plasma system, that instabilities occur at frequencies close
to these eigenmodes. Since these waves exist only in the region of finite
density gradient they will not exhibit a convective growth, in other words,
their group velocity will be zero. The development of such an instability
3
closely resembles a case treated by Fainberg and Shapiro who investigated 
the temporal and spatial development of an instability under the hypothetical 
condition of zero group velocity of the unstable waves. The plasma was
-  7 -
assumed to be semi-infinite. They found that the system is unstable and that 
the oscillations accumulate in a narrow layer close to the plasma boundary in 
a similar fashion as observed in our measurements. In their treatment, of 
course, the waves become unstable at the plasma frequency, whereas in the 
presence of a density gradient the eigenmodes that can be excited are the
surface modes.
-  8 -
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Fig. 1 Schematic of the experiment.
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Fig. 2 Received power versus delay time and plasma frequency (measured
independently with a 37 GHz microwave interferometer) for several 
positions of the receiver. Receiver frequency: 26.5 GHz,
electron beam: 170 mA, 18 KV; pressure: 54 jj, Neon.
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homogeneous plasma (o)p/2tt =26.5 GHz) and for two resonances 
(U)p/2rr = 32 GHz and u)p/2n = 42 GHz). The experimental conditions 
are the same as in Fig. 2.
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Unstable oscillations at frequencies below the plasma frequency are observed 
at the plasma boundary during the interaction of an electron beam with a plasma. 
These oscillations are interpreted as the eitenmodes of the inhomogeneous plasma 
boundary, driven into instability by the beam.
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